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The discovery of a superconducting dome in the proximity of the magnetic to paramagnetic
transition in the electronic phase diagram of MnP as a function of hydrostatic pressure has renewed
the interest in the magnetic properties of this binary pnictide. Here we present an ab initio study
obtained with Density Functional Theory (DFT) simulations as a function of pressure. We show
that the itinerant-electron magnetism of MnP is well characterized by the mean-field Kohn-Sham
method which correctly describes the ambient pressure magnetic states, the anomalous trend of the
lattice parameters as a function of pressure and the critical pressure for the disappearance of the
magnetic order. We are finally able to confirm the nature of the new helical structure observed at
high pressure.
Manganese phosphide (MnP) has continuously at-
tracted both theoretical and experimental attention for
decades. More precisely, its magnetic properties have
been studied to clarify the relevance of Lifshitz critical
points for this material, to address its magnetocaloric
effect and, recently, the role of magnetic excitations in
promoting the appearance of superconductivity (SC) un-
der hydrostatic pressure [1–4]. Indeed, the presence of
a SC dome with a maximum TC ∼ 1 K at the edge of
the magnetic-to-paramagnetic transition resembles the
electronic phase diagram of many unconventional high
temperature superconductors. Whether this newly dis-
covered Mn based superconductivity is unconventional or
not is still debated. For instance recent ab initio simula-
tions [5] predict, within the framework of weak coupling
BCS, a superconducting transition temperature in agree-
ment with the experiment.
The magnetic part of the phase diagram, sketched in
the inset of Fig. 1, has been extensively discussed in the
literature [3, 6, 7, 12]. MnP crystallizes in Pnma (62)
symmetry with a 4 Mn atoms unit-cell having lattice
constants a = 5.2361 A˚, b = 3.1807 A˚ and c = 5.8959A˚
which stems from a distortion of the 2 Mn atoms NiAs-
type hexagonal (HEX) cell [8, 9]. Below the paramag-
netic (PM) to ferromagnetic (FM) transition at TC =
291 K, Mn 3d orbitals have a reduced moment of about
1.3 µB lying parallel to the b axis [7]. Below 50 K,
a complex double-helix order with propagation vector
q = (0, 0, 0.117) develops [7, 10]. A hydrostatic pres-
sure of about 20 kbar induces the transition from the
double-helix structure to a different type of antiferro-
magnetic (zero macroscopic magnetization) ground state
with TN ∼ 150 K (labeled AFM in the inset of Fig. 1).
All these transitions are characterized by the presence of
regions of coexistence of FM and AFM phases observed
both as a function of temperature and pressure [11].
The nature of the new magnetic order which precedes
the appearance of superconductivity is still puzzling.
Two possible scenarios have been obtained from x-ray,
neutron scattering and µSR experiments. The first [8]
identifies the new state still as a double helix, albeit with
an increased propagation vector from the value |q| = 0.11
observed at ambient pressure to the value |q| ∼ 0.25. The
second [11, 12] discusses a transition of the propagation
vector from q ‖ cˆ to q ‖ bˆ.
To clarify the magnetic properties of this material we
have accurately refined first principle DFT simulations.
To date, ab initio methods have been used to asses the
presence of antiferromagnetic (AFM) collinear spin struc-
tures and phonon mediated superconductivity [5, 13]. In
this letter we first discuss the possible magnetic orders
of MnP considering the conventional collinear spin den-
sity and a full relaxation of the unit cell and then re-
fine the predictions by using the non-collinear spin spiral
formalism to describe the helical magnetic orders as a
function of applied pressure. One may argue that the
KS mean field approach is generally not suitable for de-
scribing the strongly correlated d orbitals. However, the
generalized gradient approximation (GGA) is found to
be surprisingly accurate in accounting for the evolution
of the magnetic properties of the MnP probably owing
to the itinerant nature of its magnetic states [14, 15].
The electronic properties of MnP have been analyzed
with both pseudopotential and full-potential approaches
[16–23]. The reader is referred to the supplementary
material for the computational details. The magnetic
states of MnP under pressure were first examined in the
collinear spin formalism. As already discussed in Ref. 13,
there are three collinear antiferromagnetic orders that
can be realized in the orthorhombic unit cell. These are
reported for the reader’s convenience in Tab. I with the
same labels used in Ref. 13. We additionally considered
an A-type antiferromagnetic order along the b axis (la-
beled AFM-A in Tab I).
The total enthalpy as a function of the applied pres-
sure for the various magnetic configurations of both the
hexagonal and the orthorhombic lattice structures is
shown in Fig. 1.
The stable collinear phase at ambient pressure is the
orthorhombic crystal structure with a FM ground state
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FIG. 1. (Color online) Enthalpy difference with respect to
the FM state as a function of applied pressure. NM refers
to the non magnetic (spinless) simulations while the various
AFM orders are discussed in Tab. I and in the text. The
inset sketches the electronic phase diagram as obtained from
Refs. 3, 8, 11, and 12. The shaded areas tentatively identify
the regions where two different magnetic states coexist.
and 1.4 µB per formula unit (f.u.), a value that is in ex-
cellent agreement with the experiment [24]. The AFM
NiAs-type structure, from which the distorted MnP cell
originates, has a much larger energy and it is further
suppressed with applied hydrostatic pressure. This com-
pares well with the evidence of an increasing departure
from the hexagonal structure obtained from the experi-
mental evolution of the lattice parameters with pressure
[8].
In agreement with previously published results [13],
none of the AFM1-3 orders is stabilized by increasing the
pressure. We find that, by relaxing the lattice structure,
the AFM3 order is suppressed even at ambient pressure.
This is expected since the results of Ref. 13 show that
the staggered moment on Mn for AFM3 quickly drops
to zero immediately after the volume of the unit cell is
reduced. For the other two magnetic orders, AFM1 and
AFM2, the enthalpy difference with respect to the ferro-
magnetic state slightly increases or remains constant as a
function of pressure and therefore they cannot represent
the ground state at high pressure.
Zooming into Fig. 1 one may notice that the FM state
ceases to be the ground state above p = 80 kbar. As
shown in Fig. 2, in this range our simulations find an
unexpected new ferromagnetic phase with reduced Mn
moment mMn ∼ 0.6µB, that we label RM. The result is
shown in Fig. 2 as the enthalpy difference between sev-
eral of the considered states and the new RM state, that
remains energetically favored up to 280 kbar. Only then,
the spinless (NM) electron density becomes the ground
state [25]. Interestingly, Ref. 12 identifies a ferromag-
netic phase at high temperature with a reduced moment
of 0.7 µB already at p=20 kbar. Our results are strictly
Mn atoms Mn1 Mn2 Mn3 Mn4 Mn
b
4′
Interatomic d1 d1
distance d2 d3
AFM1 =⇒ =⇒ ⇐= ⇐= ⇐=
AFM2 =⇒ ⇐= ⇐= =⇒ =⇒
AFM3 =⇒ ⇐= =⇒ ⇐= ⇐=
AFM-A =⇒ =⇒ =⇒ =⇒ ⇐=
TABLE I. Possible collinear antiferromagnetic configurations
of Mn1−4 atoms in a single unit cell and the nearest neighbor
Mnb4′ along +b, with their relation to the inter-Mn distances
d1 < d2 < d3. The first three rows identify the collinear
antiferromagnetic orders discussed in Ref. 13. The last row
represents the A-type antiferromagnet along b.
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FIG. 2. (Color online) Enthalpy difference with respect to the
RM state. The inset shows the comparison between the full
1.4 µB/f.u. of the ferromagnetic ground state and the reduced
moment of about 0.6 µB/f.u. of the RM ground state.
valid at zero temperature so the relation between DFT
and experiment is only indirect.
The transition to the RM state has a strong effect on
the lattice parameters with the most prominent outcome
being a substantial reduction of b accompanied by a small
increase of both a and c again in good agreement with the
experimental observations. For completeness we mention
that the AFM-A magnetic state displays a similar con-
traction of the b axis and reduced Mn magnetic moment.
In addition, it has much smaller enthalpy than AFM1-
3 orders. However, the AFM-A state is never found to
be the ground state, even if, at p=80 kbar, it is almost
degenerate with the FM and the RM states.
The evolution of the lattice parameters with applied
pressure is presented in Fig. 3a-c. The general agreement
of the GGA estimation of the cell size is within 2% of the
experiment. While the b axis is very well reproduced, the
a axis is underestimated and the c axis is overestimated.
This gives a unit cell volume 96.00 A˚3 to be compared
with the experimental result of 98.89 A˚3 [8]. The trend of
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FIG. 3. (Color online) Panels a)-d): evolution of the lattice parameters and of the volume of the unit cell as obtained from ab
initio results compared with the experimental results from Ref. 8. In panel d), the small inaccuracy in the estimation of the
unit cell volume by DFT makes the direct comparison of the two structures with the experimental results not very effective, but
the comparison of the relative contraction of the experimental volume and of the first principles estimations perfectly match.
Panels e) and f): density of states for the FM and the RM ground states at p = 120 kbar.
the lattice constants is non-monotonic. It is characterized
by the elongation of the a and the c axis at the expenses
of b at about 50 kbar [8]. This trend follows the expected
evolution for a transition from the FM to the RM state
as shown by Fig. 3a-c. However, a similar evolution is
predicted also for the FM to NM transition as evidenced
by the volume trend displayed in Fig. 3d (see also Fig. S3
in supplemental material).
A comparison of the total and the projected den-
sity of states (DOS) for the RM and the FM states at
p = 120 kbar is presented in Fig. 3e and 3f. In the FM
state, a spin polarization of 1.33µB and −0.11µB for Mn
3d and P 2p is respectively obtained. In the RM state,
the polarization of the 3d and 2p orbitals are reduced to
mMn = 0.62µB and mP = −0.05µB. The dominant con-
tribution to the DOS at the Fermi level EF stems from
Mn 3d electrons in both the FM and the RM states. The
hybridization with the 2p P orbitals gives rise to a series
of features which are localized around -3 eV in agree-
ment with previous photoemission spectroscopy results
[15]. The main features of the 3d states in the spin-up
channel are similar in the FM and the RM states. On
the other hand, a marked difference in the 3d spin-down
channel is observed. The two peaks at -1.5 eV in the
FM state are shifted toward slightly lower energies and
a substantial increasing number of minority spin states
at the Fermi energy is observed owing to the collapse of
the sharp features around -0.5 and 1.5 eV into a broad
structure around 0 eV in the RM state. The resulting
increase of the density of states at the Fermi level could
play a crucial role in stabilizing a finite superconducting
critical temperature in the BCS framework.
Let us summarize the results of our collinear calcu-
lations. Although the formalism may not be sufficient
to fully describe the magnetic order of the system, it
correctly predicts the evolution of the lattice parame-
ters, the details of the FM phase, including the features
of the density of states, and the presence of a critical
pressure pc ∼ 80 kbar. Above pc, the identification of
a new reduced-moment, compressed-volume phase, sig-
nificantly arising near the FM to PM transition where
superconductivity emerges, is an additional proof of the
presence of competing magnetic states.
Let us now go back to the experimental magnetic phase
diagram of Fig. 1 (inset) which is characterized by a se-
ries of non collinear and non commensurate structures,
extremely sensitive to applied pressure. Contrasting re-
sults regarding the nature of the long range AFM order
stabilized above p=20 kbar have been published [8, 12].
The authors of Ref. 8 describe an almost commensurate
propagation vector q ∼ (0, 0, 0.25) with the same form
factor of the double helical state seen at ambient pres-
sure. On the other hand, very recent neutron scattering
and µSR experiments suggest the transition to a different
magnetic order with propagation vector along b [11, 12].
In order to discern the true nature of the new AFM
phase, we adopted the spin spiral formalism within a full-
potential description. The spin excitations of MnP have
been successfully discussed as the result of competing ex-
change interactions between neighboring manganese [26].
As it will become clear, the shrinking of the b lattice
constant plays therefore a crucial role in determining the
prevalence of one interaction over the other [27].
For the sake of clarity we label the various helical states
with the lattice parameters along which the helix prop-
agates. The general propagation vector can be written,
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FIG. 4. (Color online) Energy differences for the three helical states with propagation vectors along a, b and c at 0 kbar,
p=31 kbar and p=52 kbar. The size of the symbols represents an estimate of the accuracy of the simulation. The lines are
guide for the eyes. To verify the impact of the optimization of the atomic positions on the results we performed a series of
simulations with the atoms fixed in ambient pressure positions. The results, presented as small red dots, always fall on top of
the previous within the accuracy of the simulation.
in relative coordinates, as q = (qa, qb, qc). We explored
the stability of the three helices He-a, He-b and He-c by
varying separately the values of qa, qb and qc between 0
and 0.2 at ambient pressure, p=31 kbar and p=52 kbar.
For the He-c case, in order to compare with the exper-
imental findings of Ref. 8, we explored the stability of
helical states up to qc = 0.3. The results are reported in
Fig. 4.
At ambient pressure, the energies of He-c with qc < 0.1
are degenerate within the accuracy of our simulation (see
Fig. 4I. This suggests the presence of an instability to-
wards the He-c order that is indeed observed experimen-
tally. We also notice the presence of a variation of the
slope in the energy dependence on qc. This feature, which
is below the accuracy of our present simulations, may
deserve further investigation owing to the observation
of a magnetic peak with q ∼ (0, 0, 0.25) 8. However,
with increasing pressure, the instability seemingly dis-
appears and we therefore conclude that He-c is not the
high-pressure helical state.
Fig. 4II shows the trend for He-b as a function of ap-
plied pressure. Compared with Fig. 4I, a steep increase
of the energy difference with respect to the FM state as
a function of qb is observed at ambient pressure (blue
curves, notice the different vertical scales of Fig. 4). The
same holds for the results obtained at p =31 kbar. How-
ever, it is immediately apparent that this spiral order is
strongly dependent on the applied pressure. Indeed, at
p =52 kbar, the helices with 0 ≤ qb ≤ 0.15 become nearly
degenerate in energy.
These results thus strongly support the conclusion that
He-b is the AFM order which precedes the superconduct-
ing state in agreement with Ref. 12. Our findings suggest
a critical pressure for stabilizing the new phase larger
by a factor two compared to the experiment. However,
given the substantial impact of the unit cell volume on
the magnetic structure, it is important to underline that
we utilize lattice parameters taken from experiments in
the same pressure range where µSR results [8] identify a
coexistence of regular FM and helical states. Hence prob-
ably the experiment measures an average lattice. The
true lattice parameters, and especially b, in the helical
state may be even smaller and with such smaller values
DFT would predict a lower critical pressure.
For completeness, the magnetic order with propaga-
tion vector along a is presented in Fig. 4III. The varia-
tion of the total energy differences as a function of qa is
monotonic and it does not present instabilities towards
any finite qa > 0. For the three considered pressures,
the variations are mostly within the accuracy of the sim-
ulation and we do not expect a significant effect of the
applied pressure.
In summary, we present first-principle simulations
aimed at assessing the true magnetic state of MnP under
hydrostatic pressure relevant for the emergence of super-
conductivity. Our result are consistent with the evolution
of the lattice parameters observed experimentally. We
identify a RM phase which, together with the AFM-A
order, becomes degenerate with the FM state at a critical
pressure pc=80 kbar. These facts support the presence
of competing magnetic states in the vicinity of supercon-
ductivity and suggests that critical spin fluctuations may
have a significant role in stabilizing the superconducting
state although this point would clearly require further
investigations with more refined theoretical methods.
Importantly, we are able to reproduce both the low
temperature He-c and the FM state experimentally ob-
served at ambient pressure. We also confirmed that the
He-b replaces the He-c as the ground state precursor of
the superconducting dome.
5Finally, it is worth stressing that our quantitatively
accurate predictions support the use of the DFT mean
field approach (within GGA) as a valuable strategy for
further investigation of the electronic properties of this
material.
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Computational details
The electronic properties of MnP have been analyzed
with both pseudopotential and full-potential approaches.
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FIG. S1. (Color online) Comparison of the band structures
obatined with the planewave and pseudopotential approach
(QE) and the LAPW basis (Elk).
In both cases we used the generalized gradient approx-
imation (GGA) as parametrized by Perdew, Burke and
Ernzerhof [18]. For the pseudopotential based simula-
tions, the Kohn and Shan orbitals have been expanded in
a plane-wave basis and the core wavefunction has been re-
constructed with the projector augmented wave method
using the QuantumESPRESSO (QE) suite of codes
[16, 21–23]. In order to achieve convergence on the abso-
lute value of the estimated pressure, a large basis set must
be used. We set the kinetic energy and charge cutoffs to
90 Ry and 900 Ry respectively. A Monkhorst-Pack (MP)
mesh of 8×8×8 is used to sample the reciprocal space for
plane-wave simulations [20]. These parameter provide to-
tal energies converged to 0.5 meV/atom. The thresholds
for the relaxation of the lattice parameters and the forces
were set to 1 mRy/a.u. and to less that 0.5 kbar from
target pressure. The enthalpy for the various phases is
obtained by considering the optimized volume and total
energy and the target pressure.
To identify the magnetic structure of the non-collinear
states we used the spin spiral method together with
the full potential linearised augmented-plane wave (FP-
LAPW) approach implemented in the Elk code [17].
FIG. S2. (Color online) Unit cell of MnP in the orthorhombic
Pnma structure.
The energy differences involved in the stability of the
helix states are extremely small and tight convergence
is mandatory. The basis set was defined with the fol-
lowing settings: rgkmax=8.5, gmaxvr=22, lmaxapw=10,
nempty=12. The reader is referred to the Elk documen-
tation for a detailed discussion of the parameters describ-
ing the basis set. We selected a MP grid of 8 × 12 × 7
points (or better) shifted by 0.5/ni (i = x, y, z) in each
direction, which results in a total of 338 and 672 in-
equivalent points for the simulations with and without
inversion symmetry respectively. Convergence was ob-
tained with a smearing energy of 1 meV and using the
Methfessel-Paxton scheme [19]. These settings guaran-
tee total energy differences converged to better than 0.1
meV/atom. All simulations were assumed to be con-
verged when the total energy variation was less than 50
µeV and the root-mean-square change in Kohn-Sham po-
tential was less than 3 µeV. For the spin spirals simula-
tions, when atomic positions were not available exper-
imentally, the structures were predicted with DFT. To
this aim we considered the FM ground state obtained
from the experimental lattice parameters and we also in-
cluded spin-orbit coupling. We remind the reader that
the spin orbit coupling is not present in spin spirals sim-
ulations.
Finally, to verify the accuracy of the planewave and
pseudopotential approach, we compared the results ob-
tained with QuantumESPRESSO and Elk. The energy
difference between the ferromagnetic and the spinless so-
lutions are -543 meV and -549 meV respectively for the
planewave and the LAPW approaches. The band struc-
tures for the non magnetic ground state, compared in
Fig. S1, perfectly match.
MnP unit cell and lattice constants
The unit cell of MnP in the Pnma setting is shown in
Fig. S2. Both the Mn and the P atoms occupy occupy
the 4c (x, 1/4, z) crystallographic positions with xMn =
0.0049(2), zMn = 0.1965(2) and xP = 0.1878(5), zP =
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FIG. S3. (Color online) Optimized lattice parameters as a function of applied pressure for the FM, the RM and the NM states
(see text). The small gray dots are taken from the x-ray scattering experiment of Ref. [8].
0.5686(5) [9]. These positions have been adopted for spin
spiral calculations at ambient pressure.
Figure S3 shows instead evolution of the lattice param-
eters for the FM, the RM and the NM ground states. The
optimized lattice constant for the RM and the NM phases
are similar except for the c axis that is more expanded
in the RM state than in the NM state.
